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(57) ABSTRACT 

A device for controlling dehydration during freeze-drying in 
an enclosure connected to a vacuum line includes an ana 

lyzer for analyzing the gases contained in the enclosure, the 
gas analyzer comprising a system for ionizing the gases 
comprising a plasma source in contact With the gases 
combined With a generator adapted to generate a plasma 
from the gases and a system for analyzing ionized gases 
comprising a radiation sensor situated in the vicinity of the 
area of generation of the plasma connected to apparatus for 
analyzing evolution of the radiation spectrum emitted by the 
plasma. The plasma source is preferably produced by induc 
tive coupling and the analyzer for analyzing the evolution of 
the radiation spectrum is preferably an optical emission 
spectrometer. 

20 Claims, 2 Drawing Sheets 
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DEVICE AND METHOD FOR 
CONTROLLING DEHYDRATION DURING 

FREEZE-DRYING 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

This application is based on French Patent Application 
No. 04 53 161 ?led Dec. 23, 2004, the disclosure of Which 
is hereby incorporated by reference thereto in its entirety, 
and the priority of Which is hereby claimed under 35 U.S.C. 
§ 119. 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 
The present invention relates to monitoring and/or con 

trolling dehydration of products during a vacuum-drying 
process and more particularly to detecting the end of sub 
limation of Water contained in products subjected to freeZe 
drying. 

2. Description of the Prior Art 
Freeze-drying is a loW-temperature process that elimi 

nates by sublimation most of the Water contained in a 
product. The industries to Which this process is most rel 
evant are the foodstuffs industry, the pharmaceuticals indus 
try (vaccine, serum, medication) and the bio-industries 
(yeast), the process assuring long-term conservation of an 
active principle (exhibiting biological and/or medication 
activity) in a product that Will be stored at a temperature 
close to room temperature. 

Monitoring dehydration kinetics during freeze-drying is 
essential for controlling manufacturing costs and addition 
ally for obtaining a freeZe-dried product of good quality. The 
stability of a product stored under these conditions is 
extremely sensitive to very small variations in the amount of 
residual Water that it contains. Although it reduces costs, a 
cycle that is too short yields a product that is too moist. Fast 
deterioration of the quality of the product is then generally 
observed. Conversely, an operating cycle that is too long 
may cause the product to deteriorate through overheating, as 
Well as incurring additional costs With no bene?t. Increasing 
the temperature too early on in the process may lead to 
fusion or partial fusion of the product, resulting in a defec 
tive appearance. This fabrication accident is usually accom 
panied by signi?cant or even unacceptable degrading of 
certain of the properties of use required in the end product 
(purity, suitability for rehydration). Reliable monitoring of 
the dehydration of such products therefore proves to be 
essential. 

The freeZe-drying process comprises tWo successive 
operations: freeZing and dehydration. The dehydration 
operation comprises tWo steps, corresponding to tWo differ 
ent physical phenomena: sublimation of ice crystals that are 
formed during freeZing, often referred to as “primary des 
iccation”, and ?nal desorption of Water that is not froZen, 
often referred to as “secondary desiccation”. Sublimation is 
usually achieved by input of heat and reducing the total 
pressure (vacuum freeZe-drying). The problem is to deter 
mine the passage from one step to another and the end of the 
operation as accurately as possible. 

The freeZing operation is generally conducted at atmo 
spheric pressure. The dehydration operation necessitates 
reducing the Water vapor pressure beloW the triple point, 
after Which the passage of the Water to the vapor state is 
encouraged by a pressure reduction. Throughout the subli 
mation step, and for as long as the product contains ice, the 
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2 
temperature of the product Will remain identical to the 
temperature at Which it Was froZen. When the product 
contains no more ice, ie at the end of primary desiccation, 
the temperature of the product rises. 
The method of monitoring freeZe-drying that is most 

Widely used in an industrial environment measures hoW the 
temperature of the product evolves during treatment. In 
particular, this enables the end of primary desiccation to be 
determined. Temperature probes are placed in the heart of 
the product before freeZing and the evolution of the tem 
perature signal is then recorded during freeZe-drying. As 
long as the probe remains in the froZen heart of the product, 
the measured temperature evolves very sloWly. On the other 
hand, as soon as the probe is no longer in contact With ice, 
the measured temperature changes very quickly, Which 
re?ects the accumulation of heat in the dry layer. Freeze 
drying is stopped (or the set point is changed to begin the 
secondary desiccation step) When all the temperature probes 
at different locations in the processing enclosure indicate the 
same value. Products placed in the same enclosure can 
exhibit different rates of desiccation, and a difference of 
several hours in the time to reach the reference temperature 
may be observed betWeen the various probes. The safety 
measure that consists in Waiting several hours for all the 
temperature values to be the same before stopping the cycle 
imposes an additional process cost, Which is sometimes 
high, and reduces e?iciency. Moreover, the number of 
probes used is generally small (of the order of four or ?ve 
probes for 150 000 products to be freeZe-dried), Which can 
lead to a rejection rate of up to 10% for a batch of product. 

Other measuring systems have been envisaged for moni 
toring vacuum freeze-drying kinetics, for example by mea 
suring the electrical resistance or the dielectric constant of 
the product during treatment. The passage of the front at the 
electrodes placed in the product varies these magnitudes. 
Furthermore, the dielectric constant of liquid Water being 
very much higher than that of ice, it is possible to detect 
melting phenomena. 
The major draWback of the above indirect methods is their 

localiZed character and lack of sensitivity. The temperature 
curves are insufficiently accurate and do not enable the exact 
end of primary desiccation to be determined, for example. 
A control method Was therefore envisaged that takes 

account of the Whole system. In particular, it Was proposed 
to use a method of monitoring process kinetics based on 
thermal balances for the heating plates and the ice trap of the 
freeZe-drier. Monitoring the liquid nitrogen consumption of 
the cold trap enables a thermal balance to be draWn up. In 
theory this method gives the intensity of the transfer of heat 
at all times, and consequently the quantity of Water vapor 
produced. HoWever, the quality of the thermal balance is 
adversely affected by the accuracy of the temperature probes 
and by thermal losses, Which are di?icult to quantify. 

Measuring the mass of the trays containing the product or 
of the condenser is one Way to monitor Water loss kinetics 
during treatment. The tray-support system or the cold trap 
?xed to a frame are equipped With strain gages Whose 
deformation can be correlated to the quantity of Water 
extracted from the product and trapped in the form of ice. 
Unfortunately, this apparently reliable method cannot be 
easily adapted to most freeZe-drying equipment already 
installed, and its cost remains high. A materials balance for 
the Water vapor given off in the enclosure can equally be 
obtained by direct measurement using a Water vapor pres 
sure sensor. There remains the problem of the accuracy of 
the measurement at the end of the process for all these 
methods. 
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If the condenser is outside the freeze-drying enclosure, it 
is possible to monitor the evolution of the total pressure in 
the freeze-drying enclosure after closing a valve connecting 
the enclosure to the trap (this is called the barometric 
method). Ignoring air leaks, any fast rise in pressure indi 
cates a high rate of sublimation and re?ects the presence of 
residual ice. The resolution of the method (impact of pres 
sure rise on freeze-drying kinetics) and its accuracy at the 
end of the cycle (When little Water vapor is given o?) de?ne 
its limits. 
More recently, a method based on mass spectrometer 

measurement has been envisaged that analyzes materials 
balances throughout the freeze-drying enclosure. This 
method produces the most accurate and the most uniform 
measurements, leading to true monitoring of dehydration. 
Unfortunately, in some aseptic process industries, such as 
the pharmaceuticals industry, sterilization of the measuring 
equipment is required. The mass spectrometer is not able to 
Withstand sterilization stresses and therefore cannot be ster 
ilized. To solve this problem, a valve ?tted With a ?lter is 
inserted betWeen the mass spectrometer and the enclosure. 
This method has certain limitations, hoWever, resulting in 
particular from clogging of the ?lters. There is a risk of 
contamination of the freeze-drying enclosure via the ?lter. 
Moreover, the use of a mass spectrometer is costly because 
it necessitates the use of a secondary pump and the frequent 
reneWal of consumable components like the ?lament. 

Like the method using a mass spectrometer, the other 
methods proposed also give rise to problems if sterilization 
proves necessary. 
An object of the present invention is therefore to propose 

a device and a method for controlling dehydration during 
freeze-drying that does not have the draWbacks of the prior 
art methods cited above. In particular, the invention pro 
poses a device and a method for determining accurately the 
end of the primary desiccation step. The invention also 
proposes a device and a method that are compatible With 
strict requirements in terms of aseptic conditions, and in 
particular that avoid recourse to sterilization. 

SUMMARY OF THE INVENTION 

The present invention is a device for controlling dehy 
dration during freeze-drying in an enclosure connected to a 
vacuum line, the device including an analyzer for analyzing 
the gases contained in the enclosure and the gas analyzer 
comprising: 

a system for ionizing the gases comprising a plasma 
source in contact With the gases combined With a 
generator adapted to generate a plasma from the gases, 
and 

a system for analyzing ionized gases comprising a radia 
tion sensor situated in the vicinity of the area of 
generation of the plasma connected to apparatus for 
analyzing evolution of the radiation spectrum emitted 
by the plasma. 

The device of the invention can monitor the evolution of 
species present in the freeze-drying enclosure during dehy 
dration by analyzing the optical spectrum of light emitted by 
a plasma consisting of the excited species. 
A plasma is a statistical system formed of charged par 

ticles and neutral particles that may be created arti?cially by 
ionizing a gas. To this end it is necessary to input energy in 
order to tear electrons off the gas particles and thereby obtain 
a system of ions, electrons and atoms. This is a globally 
neutral set of particles that move at random in all directions. 
Return of the excited molecules to their initial state causes 
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4 
the emission of electromagnetic radiation. Non-thermal 
plasmas, also knoWn as cold plasmas, appear at reduced 
pressures: cold plasmas are the most Widely used plasmas 
because of their germicidal properties. Many studies have 
been carried out on the bactericidal and viricidal properties 
of the plasma, on reference microorganisms such as E coli, 
Bacillus sublilis, Candida albicans, Streptococcus, etc. 

The plasma source is placed in an excitation chamber 
communicating With the treatment enclosure. The gases in 
the enclosure are brought in the excitation chamber into 
contact With the interior of the freeze-drying enclosure 
containing the products to be dehydrated. The gases are 
ionized to form a plasma and the light emitted through the 
Walls of the chamber is analyzed. 

It is possible to transfer energy to a plasma generating gas 
by creating an electrical discharge in a con?ned enclosure, 
generally containing a partial vacuum: 

either by a system including electrodes (discharge in an 
electric ?eld of luminescent type at loW pressure or of 
corona type at atmospheric pressure), 

or by a system Without electrodes (discharge in a variable 
radio-frequency or microWave-frequency electromag 
netic ?eld). 

Thanks to appropriate design of the system and an appro 
priate choice of the gases and vapors used to generate the 
plasma, it is possible to achieve a relatively loW ambient 
temperature even in a highly reactive environment. More 
over, active species capable of destroying microorganisms 
quickly are created only When the system is under poWer and 
eliminated immediately the input poWer is cut off. There is 
therefore no danger to the environment once the process has 
terminated. 

In one embodiment of the invention, the Walls of the 
chamber are of quartz, optical glass (in particular BK7 glass) 
or aluminum oxide (in particular sapphire). 
The device differs from the prior art devices in that it has 

the advantage of being completely adapted to the require 
ments of sterilization. The device necessitates no transfer of 
matter since it operates on the matter to quantify it Without 
moving it. To this end, only the interior of the excitation 
chamber of the device comes into contact With the internal 
environment of the freeze-drying enclosure. This chamber 
usually takes the form of a tube, generally made of quartz, 
but may equally be made of optical glass, such as BK7 glass, 
or of aluminum oxide, such as sapphire, or of any other 
material enabling electromagnetic Waves to pass through it 
Whilst providing access to the light. It may be sterilized 
Without dif?culty. 

Moreover, the plasma itself is knoWn for its sterilizing 
properties. Its ?rst strength is ultraviolet emission from the 
plasma, Which is germicidal. Then, the OH and 0 com 
pounds are essential components of plasma sterilization as 
used in the medical ?eld. These compounds are encountered 
in the freeze-drying application because Water molecules are 
“cracked” and so OH and 0 compounds are generated. 
Plasma processes are emerging techniques Whose potential 
is particularly promising in a number of sectors, including 
sterilization, Where the ef?cacy of the plasma technique has 
been proved and applied in a number of sensitive medical 
devices. 

Moreover, the device guarantees an overall measurement 
because sublimation of all the products of a batch of 
products can be vieWed, not merely a small sample from the 
batch. 
The plasma source is preferably produced by inductive 

coupling, in Which case the generator is a radio-frequency 
generator. The plasma source may also be a microWave 
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source using the principle of propagation of a surface Wave 
or of the resonant cavity type, in Which case the generator is 
a microwave generator. 

In a ?rst variant, the generator generates the plasma 
inductively by means of an induction solenoid Wound 
around the outside of the chamber. 

In another variant, the generator generates the plasma 
inductively by means of an excitation antenna disposed 
inside the chamber. In this case, the antenna is covered 
beforehand With a sterile insulation. The antenna is advan 
tageously a Penning manometer. The theory of this pressure 
gage consists in applying a high voltage betWeen tWo 
electrodes to form a plasma. The discharge current is pro 
portional to the pressure. This type of gage, Widely used to 
measure pressure, here ?nds a neW application. 

The device for analyZing the evolution of the radiation 
spectrum is preferably an optical emission spectrometer. A 
combination of optical ?lters may also be used for selecting 
the Wavelength(s) to be monitored. 

The device of the invention can easily be applied to 
industrial freeZe-drying installations. It requires no major 
modi?cation of the freeze-drying enclosure and, unlike the 
mass spectrometer, does not necessitate any additional 
pumping, as the vacuum necessary for the device to function 
is the same as that necessary for the freeze-drying process. 

The invention also consists in a method of controlling 
dehydration during freeZe-drying in an enclosure by means 
of the above device. The end of the primary desiccation step 
of the dehydration operation is determined by analyZing the 
gases in the enclosure by means of a plasma source con 
nected to apparatus for analyZing the evolution of the 
radiation spectrum emitted by the plasma. That apparatus is 
preferably an optical emission spectrometer. The plasma 
source is preferably produced by inductive coupling. 
The present invention has the advantage of proposing an 

accurate, uniform and sterile method of monitoring dehy 
dration during industrial freeZe-drying, in particular 
enabling the end of the primary desiccation step to be 
determined. This method improves productivity as Well as 
reducing end of cycle rejects. 

This method circumvents the variability of the freeZe 
drying treatment. The various process steps may have dif 
ferent durations, depending on the quantity and the nature of 
the products to be freeZe-dried. This method also provides a 
signi?cant time-saving: the beginning of the secondary 
desiccation step, at present determined empirically in indus 
trial processes, may be determined automatically by means 
of the device of the present invention. This implies savings 
in terms of the nitrogen used to regulate the pressure. The 
device naturally takes into account the variations of the 
parameters of the process that may be operative during 
dehydration, depending on the quantity the nature of the 
product to be freeZe-dried. This method can also shoW up the 
repetitiveness of the process from one batch to another. If the 
signals are different for the same quantity of product and the 
same process parameters, this may indicate a problem With 
the freeze-drier, for example a leak. 

Other features and advantages of the present invention 
Will become apparent in the course of the folloWing descrip 
tion of an embodiment of the invention shoWn in the 
appended draWings by Way of illustrative but nonlimiting 
example. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 represents the ioniZation system of one particular 
embodiment of the device of the invention. 
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6 
FIG. 2 shoWs an installation for freeZe-drying products 

using the invention. 
FIG. 3 shoWs the variation of the luminous intensity I (in 

arbitrary units) of the hydrogen and nitrogen lines as a 
function of time t in seconds. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENT 

FIG. 1 is a diagram of one particular embodiment of the 
ioniZation system 1 of a device of the invention. A quartz 
tube 2 has an open end 211 communicating With the enclosure 
in Which freeze-drying takes place and a closed end 2b in the 
form of an aspherical lens enabling ef?cient collection of 
light. The plasma source 3 is formed in the tube 2 at the level 
of an induction solenoid 4. The solenoid 4, or excitation 
antenna, is Wound onto the exterior of the tube 2 around the 
area of formation of the plasma or excitation chamber 20. 

The junction 5 (reference DNl 6 according to the ISO-KF 
standard) is of 316 stainless steel. A seal 6 provides the seal 
betWeen the tube 2 and the junction 5. This seal 6 consists 
of a ?uoroelastomer such as “V1ton®” and is therefore able 
to Withstand high temperatures. 
The above apparatus is adapted to the sterilization 

requirements that exist in the ?eld of freeZe-drying (steam 
temperature 150° C. and steam pressure 2 bar): the only 
portions in contact With the gaseous medium are the tube in 
Which the plasma is formed, the seal and the DN1 6 junction. 
The plasma is created by an external antenna, Which avoids 
any contamination or deposition inside the freeZe-drying 
enclosure. The plasma source is relatively compact (for 
example 86 mm><50 mm><ll5 mm) and may therefore be 
placed easily on a freeZe-drying enclosure. 

FIG. 2 shoWs one particular embodiment of the device of 
the invention. The ioniZation system 1 is associated With a 
freeZe-drying enclosure 10 by its junction 5 and the tube 2 
carrying a valve 11. The freeZe-drying enclosure 10 that 
contains products 12 to be dehydrated conventionally com 
prises three components: a heat source 13, a Water vapor 
recovery trap 14 and a primary vacuum pump 15. The trap 
14 is connected to the enclosure 10 by a pipe 16 including 
a valve 17. The vacuum pump is connected to the enclosure 
10 by a pipe 18 including a valve 19. Once freeZing, Which 
may be carried out inside or outside the freeZe-drying 
enclosure 10, is complete the vacuum pump 15 is started. 
The objective of pumping by means of the pump 15 is to 
reduce the total pressure in the enclosure 10 and then to 
maintain the pressure at a value compatible With the subli 
mation conditions throughout dehydration. Sublimation is 
effected by input of heat to the product from the heat source 
13, by conduction or radiation, melting being prevented by 
maintaining the temperature beloW the triple point. The trap 
4 recovers the Water vapor that is formed. 

When dehydration begins, the pressure inside the enclo 
sure 10 falls and a plasma is formed inside the tube 2 at the 
level of the excitation chamber 20. The light emitted by the 
plasma is detected at the closed end 2b of the tube 2 by a 
sensor 20 such as an optical ?ber. That light is then con 
ducted to an optical emission spectrometer 22 for analysis 
therein, for example via an optical ?ber 21. The light emitted 
is characteristic of the compounds present in the plasma and 
therefore in the freeZe-drying enclosure 10. For this appli 
cation, lines characteristic of hydrogen (for example 656 
nm) and nitrogen (for example 337 nm) are monitored 
during dehydration. Information may be recorded and pro 
cessed by means of a connection 23 to a computer 24. 
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During the primary desiccation step, the pressure in the 
freeze-drying enclosure 10 is stabilized by means of the 
regulator valve 25 on the nitrogen supply pipe 26. When the 
pressure falls because of the reduced rate of sublimation, the 
valve 25 is opened to inject more nitrogen. When the rate of 
sublimation of the Water is high, little nitrogen is injected. 

Dehydration is conducted in a vacuum that is generally 
from 0.005 to 0.5 mbar. In this regard, a plasma source 
produced by inductive coupling of the inductive coupled 
plasma (ICP) type, is very suitable because its operating 
pressure range is from —0.005 mbar to 10 mbar. There is 
therefore no need for secondary pumping, such as a mass 
spectrometer could necessitate. 

FIG. 3 shoWs curves 30, 31 obtained by analyzing the 
optical spectrum. The curves 30, 31 represent the evolution 
With time of hydrogen lines at a Wavelength of 656 nm 
(curve 30) that represent Water vapor and nitrogen lines at a 
Wavelength of 337 nm (curve 31) during the dehydration 
operation. During the primary desiccation step, a large 
quantity of Water is detected that is caused by sublimation of 
the ice (part A). This quantity of Water vapor evolves little 
throughout the sublimation phase. When sublimation is 
completed, the hydrogen signal falls rapidly and the nitrogen 
signal rises. During this transition, Water vapor is replaced 
by nitrogen injected the freeze-drier (part B). Finally, sta 
bilization of the tWo curves (part C) marks the end of 
sublimation and thus the end of primary desiccation. The 
process curves 30, 31 in FIG. 3 shoW that the change of set 
point corresponding to the change to secondary dehydration 
is triggered at the point D. The prior art measurement of the 
end of primary desiccation using temperature sensors Would 
have been indicated prior to this, With the step as yet not 
completely ?nished. 
Of course, the method of detecting the end of the primary 

desiccation step just described may be applied in the same 
manner to detecting the end of the secondary desiccation 
step. 
The present invention is not limited to the embodiments 

explicitly described and includes variants and generaliza 
tions thereof that Will be evident to the person skilled in the 
art. 

The invention claimed is: 
1. A device for controlling dehydration of a product 

during freeze-drying comprising: 
a freeze-drying enclosure for dehydration of the product, 

said enclosure being connected to a vacuum line; 
an analyzer for analyzing the gases contained in said 

enclosure and said gas analyzer comprising: 
a system for ionizing said gases comprising a plasma 

source in contact With said gases combined With a 
generator adapted to generate a plasma from said gases, 
and 

a system for analyzing ionized gases comprising a radia 
tion sensor situated in the vicinity of the area of 
generation of said plasma connected to an apparatus for 
analyzing evolution of the radiation spectrum emitted 
by said plasma. 

2. A device according to claim 1, Wherein said plasma 
source is in an excitation chamber communicating With said 
enclosure. 

3. A device according to claim 1, Wherein said plasma 
source is produced by inductive coupling. 

4. A device according to claim 3, Wherein said generator 
is a radio-frequency generator. 
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5. A device according to claim 4, Wherein said generator 

generates said plasma inductively by means of an induction 
solenoid Wound around the outside of said chamber. 

6. A device according to claim 4, Wherein said generator 
generates said plasma inductively by means of an excitation 
antenna inside said chamber. 

7. A device according to claim 6, Wherein said antenna is 
a Penning manometer. 

8. A device according to claim 1, Wherein said analyzer 
for analyzing the evolution of said radiation spectrum is an 
optical emission spectrometer. 

9. A device according to claim 2, Wherein the Walls of said 
chamber are of quartz, optical glass or aluminum oxide. 

10. A method of controlling dehydration of a product 
during freeze-drying in an enclosure connected to a vacuum 
line by means of a control device comprising: 

dehydrating the product during a vacuum freeze-drying 
process in a freeze-drying enclosure, 

ionizing the gases contained in said enclosure using a 
plasma source in contact With said gases combined With 
a generator adapted to generate a plasma from said 
gases; 

analyzing the ionized gases using a radiation sensor in the 
vicinity of the area of generation of said plasma to 
determine an evolution of the radiation spectrum emit 
ted by said plasma, 

in Which method the end of a primary desiccation step of 
the dehydration operation is detected from the evolu 
tion of the radiation spectrum emitted by said plasma. 

11. The method according to claim 10, Wherein said 
radiation sensor is an optical emission spectrometer. 

12. The method according to claim 10, Wherein said 
plasma source is produced by inductive coupling. 

13. The device according to claim 1, Wherein the freeze 
drying enclosure further comprises: 

a heat source; 
a Water vapor recovery trap; and 
a primary vacuum pump. 
14. The device according to claim 1, Wherein the freeze 

drying enclosure contains the product and the product is a 
food product. 

15. The device according to claim 1, Wherein the freeze 
drying enclosure contains the product and the product is a 
pharmaceutical product. 

16. The device according to claim 1, Wherein the device 
monitors an evolution of species present in the freeze-drying 
enclosure during dehydration, and 

Wherein some of the species are OH and 0 compounds of 
Water molecules. 

17. The method according to claim 10, Wherein dehydrat 
ing the product during the vacuum freeze-drying process in 
the freeze-drying enclosure assures long-term conservation 
of an active principle in the product that exhibits biological 
or medication activity during storage of the product at a 
temperature close to room temperature. 

18. The method according to claim 10, Wherein the 
primary desiccation is a sublimation of ice crystals that are 
formed during freezing. 

19. The method according to claim 10, Wherein the 
product is a food product. 

20. The method according to claim 10, Wherein the 
product is a pharmaceutical product. 

* * * * * 


